Grain β-glucan content is the most important attribute for barley (Hordeum vulgare L.) varieties destined for the human food market. This trait is important because of the blood glucose and cholesterol-reducing properties of β-glucans. High levels of grain protein content, test weight, and seed size and endosperm color may also add value. Seed yield potential, in part, determines the economic feasibility of producing human food varieties. To determine the potential of food barley production in the dryland production areas of the Pacifi c Northwest of the United States, 33 cultivars and advanced lines reported to vary in β-glucan content were grown in 2006 and 2007 at two locations in northeastern Oregon under dryland cropping conditions. Seed yield, test weight, percentage of plump kernels, grain β-glucan, and grain protein were measured on replicated samples from the four environments, allowing for assessment of average performance as well as genotype × environment interaction. Estimates of variance components showed that ~66% of the variability in β-glucan content was attributable to genotype. Cultivars and lines with waxy starch had an average β-glucan value of 55 g kg -1 compared with 35 g kg -1 for cultivars and lines with nonwaxy starch. We found signifi cant two-and three-way interactions, but these accounted for much less of the total variation in the measured phenotypes than the main effects of variety, year, and location. Hulless accessions produced an average of 3580 kg grain ha -1 compared with 4260 kg grain ha -1 for the hulled accessions. Hulled, waxy-starch varieties appear to have the greatest agronomic potential for dryland production, as they combine high yield potential and grain β-glucan percentage.
RESEARCH
H uman consumption of whole grains helps to control weight gain (Pauline and Rimm, 2003; Arndt, 2006) and reduce the risks of gastrointestinal disorders including cancer (Ranhotra et al., 1991; Department of Health and Human Services and USDA, 2005) , coronary and vascular diseases, and type II diabetes (Liu et al., 1999; Anderson et al., 2000; Liu et al., 2000; Pins and Kaur, 2006) . In 2006, the U.S. Food and Drug Administration approved a health claim for barley (Hordeum vulgare L.) , based on the demonstrated reduction in risk of coronary heart disease resulting from consumption of whole-grain barley and barleycontaining products (Food and Drug Administration, 2006) . To qualify for the health claim, the barley-containing foods must provide at least 0.75 g of soluble fi ber per serving. It is the β-glucan fraction of the soluble fi ber that is reportedly responsible for lowering low-density lipoprotein and total cholesterol levels (Brown et al., 1999; Kim et al., 2006; Pins and Kaur, 2006) .
This new appreciation for the nutritional value of wholegrain barley and barley β-glucan may increase the market for barley products (Bhatty, 1993; Jadhav et al., 1998; Newman and Newman, 2006) and provide new opportunities for β-glucan extraction and enrichment (Knuckles et al., 1992) . The traditional markets for barley are malt and animal feed. High β-glucan levels are a problem for brewing and, as a consequence, low levels of β-glucan in malt are specifi ed by the malting and brewing industries (Bamforth and Barclay, 1993) . Despite evidence that there is variation for feeding quality in barley (Hunt, 1996) , a minimum test weight is usually the only quality parameter specifi ed for ruminant feeds. Grain β-glucan is a problem for barley in poultry diets because of "sticky droppings" phenomenon. Solutions to the problem include application of exogenous β-glucanase to grain or overexpression of β-glucanase in transgenics (Almirall et al., 1995; Lisbeth et al., 1996) .
β-glucan is a nonstarch polysaccharide composed of β-(1∅4)-linked glucose units separated every two to three units by β-(1∅3)-linked glucose and is found only in some grasses and cereals (Carpita, 1996) . A health claim for oat (Avena sativa L.) β-glucan was issued in 1997 (Food and Drug Administration, 1997) . Higher grain β-glucan levels can be achieved with barley than with oats (Aman and Graham, 1987) . β-glucan and arabinoxylan are the two major constituents of barley endosperm cell walls, and β-glucan levels are lower in the hull and outer layers of the grain (Henry, 1987) .
The genetic analysis of β-glucan has historically been approached with the practical objective of lowering malt β-glucan levels. Because malting involves germination, these analyses involve both β-glucan synthesis and β-glucan degradation by β-glucanases (Han et al., 1995) . Three β-glucanases genes are known, but because barley products and β-glucan extraction will likely be based on unmalted grain, these genes will not likely be as important for the development of barley varieties for human nutrition as the genes involved in β-glucan synthesis. Powell et al. (1985) reported that β-glucan content in barley grain is controlled by a simple additive genetic system. Han et al. (1995) reported quantitative trait loci for β-glucan and β-glucanase activity, and their work provided the platform for Burton et al. (2006) to clone and characterize a family of genes responsible for β-glucan biosynthesis. These are members of the family of cellulose synthase-like genes. Although overexpression of these genes in Arabidopsis led to β-glucan synthesis, it is not apparent if there is allelic variation at this complex locus in barley germplasm that would allow breeders to select for higher grain β-glucan.
Breeding for high grain β-glucan has been facilitated by the apparent pleiotropic eff ects of the waxy-starch allele at the granule-bound starch synthase locus (Patron et al., 2002) . Positive correlations between grain β-glucan and waxy starch are well documented (Szczodrak et al., 1992; Xue et al., 1997) . As a consequence, most barley varieties developed for human nutrition are waxy. Many of the original waxy-starch germplasm accessions were also hulless, leading to the "profi le" that high β-glucan food barley varieties are waxy and hulless. Granule-bound starch synthase and the grain nudity (nud) locus-which determines hull retention in barley-are both on chromosome 7H, but they are far enough apart (80 cM) to show independent assortment (Fedak et al., 1972) . Hulless varieties may have higher β-glucan due to elimination of the "diluting" eff ects of the hull (Xue et al., 1997) . Hulless types could be more appealing for human food uses since dehulling (pearling) would not be required. There are, however, concerns with hulless varieties due to lower yield potential (Cavallero et al., 2004; Brown, 2005) , lower vigor (D. Obert, USDA/ARS, personal communication, 2008) , and, in the United States, the lack of a recognized federal grade for hulless barley. This means that hulless barley is not eligible for marketing loans and that hulless barley can only be insured for the same value as feed barley.
There is keen interest in diversifying dryland crop production in the Pacifi c Northwest of the United States. In 2007, there were 1.55 million ha of dryland cereal production in Oregon, Washington, and Idaho. There are demonstrated advantages to incorporating spring barley into the prevailing wheat (Triticum aestivum L.)-fallow cropping system, including suppression of certain diseases and nematodes (Smiley et al., 1994; Young et al., 1994) . Data are available on spring malting and feed varieties adapted to the region but not for food barley. To determine the potential for production of human food barley in the region, we assembled an array of spring cultivars and advanced breeding lines and evaluated them for grain β-glucan and other quality and agronomic characters at two representative locations in northeastern Oregon during a two-year period.
MATERIAL AND METHODS
Four cultivars and 29 advanced breeding lines were obtained from four breeding programs, as described in Table 1 . 'Baronesse' and 'Camas' are hulled, nonwaxy, spring feed cultivars. They are the most widely grown varieties in the growing areas sampled in this study. 'Salute' is a commercially available spring variety intended for the human food market. It, and two other spring experimental lines, is hulled and waxy. All the other spring experimental lines but one ('02WA-7037.9') are waxy and hulless. This germplasm collection was characterized for food quality traits (grain β-glucan and protein), grain physical quality traits (test weight and kernel plumpness), and grain yield At Pendleton, the preceding components were spring wheat in using the PROC CORR procedure in SAS. An across-location ANOVA was performed using the 2007 germination and plant vigor data. Contrasts were used to assess the eff ect of hull type on germination and vigor.
RESULTS AND DISCUSSION
There were signifi cant diff erences among cultivars and experimental lines for all traits (Table 4) Agronomic practices, including weed control and fertility management, were conducted in accordance with local practice. The plot size was 1.64 by 6.6 m in 2006 and 2.44 by 9.14 m in 2007; the experimental design was a randomized complete block with four replications. The plots were harvested using a plot combine.
In 2007, there were obvious diff erences in stand establishment between plots. Vigor ratings were made on 7 May at Moro and 9 May at Pendleton using a 1-to-10 scale, with 10 being a normal stand and 1 a poor stand. To determine if the vigor differences were related to diff erences in seed viability, the germination percentage of each cultivar-line was determined following the protocol of the Association of Offi cial Seed Analysts (1993). Germination was measured on reserve seed of the same seed lot used for planting in 2007.
For the measurement of grain β-glucan and protein, samples were ground with a Udy Cyclone mill (Udy Corp., Fort Collins, CO) equipped with a 0.5-mm screen. A subsample of this fl our was used to determine mixed-linkage β-glucan percentage using the enzymatic assay procedure (EBC Method 3.11.1; Megazyme International Ireland Ltd., Bray, Ireland). Protein concentration was determined, with a subsample of the same fl our, by nitrogen combustion (AACC, 2000) . A subsample of the fl our was ovendried at 130°C for 1 h to calculate percent moisture. β-glucan and protein content were adjusted for moisture and expressed on a dry-weight basis. The percentage of plump kernels was determined using a 100-g sample and a sieve with 0.24-by 1.9-cm slotted openings per the protocol of the American Society of Brewing Chemists (1992) . Grain test weight was calculated based on the weight of a sample of cleaned grain. Grain yield was determined based on the weight of grain harvested from each plot, adjusted for plot size.
Combined analyses of variance were performed across locations and years for all traits using the General Linear Models (GLM) procedure in SAS (SAS Institute, 1999) . To better understand environment and year interactions, data from a subset of six representative cultivars-accessions were further analyzed by location and year using GLM. All eff ects were considered as fi xed in the analyses of all data and in the analysis of the subset of lines. The eff ect of hull type on quality traits was evaluated using orthogonal contrasts. F-protected LSD tests were used for mean separation. Simple correlation analysis was performed (Camas) to 142 g kg -1 ('01WA-1000.4'). These values are comparable to those reported by Hang et al. (2007) and are fairly typical of grain protein levels for spring barley under dryland conditions. There is genetic variation for grain protein content in barley; in an analysis of 1400 accessions Polan et al. (1968) found a range from 85 to 212 g kg -1
. The U.S. malting and brewing industry currently specifi es a range of protein from 115 to 135 g kg -1 (American Malting Barley Association, 2008). Although higher grain protein in animal feed and human food should be a desirable attribute, there are currently no premiums paid for high protein, nor are specifi c protein fractions currently specifi ed. Mean values for grain yield ranged from 2860 (03AH3483) to 4660 kg ha -1 (Baronesse). The mean yield for hulled lines was 4270 kg ha -1 compared to 3580 kg ha -1 for the hulless lines. This yield reduction associated with the waxy, hulless trait has also been reported in irrigated trials by Brown (2005) and appears to be quite consistent across sites and years. Interestingly, few yield reductions were found when comparing some waxy, hulled cultivars to the feed barley checks. Therefore, cultivars such as Salute and BZ 502-563 may off er the best compromise for dryland growers and processors looking for the waxy trait.
Test weights varied from 64 to 77 kg hL -1 . Among cultivars, the waxy, hulless lines had significantly higher test weights than the hulled lines. Kernel plumpness ranged from 28 to 80%. In general, the hulled lines had a higher percentage of plump kernels compared to the waxy, hulless lines.
The across-years-and-locations ANOVA revealed that for all traits there were signifi cant three-way interactions except test weight (Table 5 ). To explore these diff erences, a subset of six representative cultivars were further examined. The criteria for choosing the subset were as follows: Baronesse and Camas are nonwaxy feed varieties that are currently the most widely grown in the region. Salute is the only commercially available waxy, hulled variety and BZ-502-563 was a high-performing waxy, hulled selection in these trials. Meresse-2 is a commercially available waxy, hulless variety and 03AH6481 was a top performer, of this class, in the trials. Table 6 reports the mean β-glucan, grain protein, grain yield, test weight, and kernel plumpness for each of these cultivars by location and year. In general, β-glucan content was quite stable across locations and years (environments). This large eff ect of genotype on β-glucan content is also apparent in Table 7 . Our results support the assertion that genetics is more important than environment in determining β-glucan content in grain (Gill et al., 1982) . However, environment may also infl uence β-glucan content. Bendelow (1975) reported that dry conditions before harvest increase β-glucan, whereas Savin et al. (1997) and Savin and Nicolas (1996) reported a decrease in β-glucan due to moisture stress during grain fi lling. In our study, the β-glucan content of Salute varied from 41 to 58 g kg β-glucan content is required by processors, then growing Salute under low-rainfall dryland conditions, such as those found in Moro, may not meet specifi cations. Additional research on the main and interaction eff ects of moisture availability and nitrogen fertility on grain β-glucan is necessary.
Genotype had a lesser eff ect on grain protein: the location eff ect accounted for 57% of the total sums of squares. Average proteins were 14.5 and 11.8% for Pendleton and Moro, respectively. The environment is known to have signifi cant eff ects on grain protein, with moisture and available nitrogen having major eff ects (Fathi et al., 1997) . Torp et al. (1981) , for example, reported that the protein content of barley of the same genotype varied from 8.1 and 14.7% at diff erent locations with similar nitrogen fertilization levels.
Genotype × environment interaction for grain yield and yield components is the subject of extensive research in crops (Manjit and Gauch, 1996) and in barley (van Oosterom et al., 1993) . In our experiments, the individual main eff ects of genotype, location, and year were principal determinants for test weight, percentage of plump kernels, and grain yield (Tables 5 and 7) . These results can be attributed to the preponderance of lower-yielding hulless lines vs. a limited number of higher-yielding hulled types.
There are two general reasons why hulless accessions may yield less than hulled types. The fi rst is simply the weight of hulls, which estimated to be 11 to 13% of the average grain yield (Bhatty et al., 1975) . Second, there is a much shorter history of breeding for agronomic performance in hulless than for hulled types in the U.S. Pacifi c Northwest. Considerable improvement can be expected. In western Canada, for example, a concerted eff ort at improving yield in hulless types was initiated in 1970 (Bhatty, 1993) .
In our experiments, the yield of hulless lines was signifi cantly lower the second year due to poor stand establishment. At the time of seeding in the second year of the experiment, there was more residue on the surface of the soil at both locations to better represent the minimumno-tillage production systems of the Pacifi c Northwest. Visible diff erences in stand establishment were observed approximately 1 mo after seeding at both locations. These diff erences were assessed using a subjective visual rating for vigor. There was a signifi cant diff erence (P < 0.001) for the contrast of hulless vs. hulled for vigor score (data not shown). The mean vigor rating values ranged from 2 to 10 at Pendleton and from 1 to 10 at Moro. The mean vigor rating was 9.8 for hulled cultivars and lines at both Pendleton and Moro, while the mean vigor rating for the hulless lines was 6.5 at Pendleton and 4.4 at Moro. Hulless type may be more prone to physical damage to the embryo during harvest, leading to lower germination rates. However, in our experiments, diff erences in stand establishment were not due to seed viability. Germination percentages on reserve seed from the same lots used for seeding the 2007 trials were all >96%. However, hulless varieties may suff er embryo damage that is not suffi cient to reduce germination but is suffi cient to reduce vigor. Contribution of each factor defi ned as (factor sum squares/total sum squares × 100). Additional research is warranted on the causes of poor stand establishment of hulless barley under stressful conditions. Potential causes of diff erences in stand establishment under reduced tillage include response to soil pathogens (Bockus and Shroyer, 1998) and response to lower temperatures during germination (Franzluebbers et al., 1995) . It is important to understand the basis of poor stand establishment because the hulless types had, on average, signifi cantly higher (P < 0.001) grain β-glucan and grain protein. These signifi cant diff erences, however, are due in part to the confounding eff ects of waxy vs. nonwaxy starch and hulled vs. hulless in this sample of germplasm. All but one of the hulless lines were waxy and would be expected to have higher β-glucan due to the pleiotropic eff ects of the waxy allele and hulless alleles on β-glucan content (Xue et al., 1991 (Xue et al., , 1997 . Three of the fi ve hulled accessions have waxy starch (Salute, YU 599-006, BZ 502-563). The average β-glucan level of these three accessions is signifi cantly higher than those of the nonwaxy, hulled checks (P < 0.001) and not signifi cantly diff erent from the average of the hulled, waxy types.
β-glucan showed a modest positive correlation with grain yield (Table 8) . Hang et al. (2007) found a modest negative correlation (r = -0.11) of β-glucan with grain yield, and they concluded that this could complicate simultaneous improvement for both traits. Although statistically significant, correlations of this size (either negative or positive) may be of little biological importance. Their germplasm collection did not include high-yielding and high β-glucan varieties, such as Salute. We found a very high and positive correlation between grain protein and β-glucan. Fastnaught et al. (1996) and Hang et al. (2007) also reported positive relationships between the two traits.
Although the current market is most interested in β-glucan, there are potential markets for grain protein, making this positive correlation of β-glucan with protein of greater potential economic value. Additional research, focusing on a set of high β-glucan cultivars and/or breeding lines, is needed to determine if this positive association would be useful for indirect selection; grain protein is simpler and less expensive to measure than grain β-glucan.
CONCLUSIONS
The approval of the barley health claim by the U.S. Food and Drug Administration, coupled with the increasing health consciousness of an American public faced with alarming rates of obesity and coronary heart disease, may increase interest in, and markets for, food barley. To meet this demand, barley processors are likely to require production of waxy barley cultivars due to their high β-glucan contents. However, our research indicates that there are signifi cant production problems and yield reductions currently associated with the hulless, waxy trait. Therefore, waxy, hulled lines such as Salute and BZ 502-563 are likely the best alternative for dryland growers and processors. Mechanical removal of the hull is easily accomplished by pearling. Because β-glucan levels are low in the hull and outer layers of the seed coat (Henry, 1987) , little value would be lost in this operation. Additionally, both Salute and BZ 502-563 show no production or yield diff erences when compared to Baronesse and Camas, the hulled, nonwaxy lines that are widely grown in the dryland production zones of the Pacifi c Northwest. Thus, spring cultivars currently exist that are agronomically competitive with current feed barleys and have high β-glucan that could support a niche food barley market in the Pacifi c Northwest. Development of winter habit food barleys would provide growers and industry with even more productive choices.
